In prepulse inhibition (PPI), the startle response to a strong, unexpected stimulus is diminished if shortly preceded by the onset of a different stimulus. Because deficits in this inhibitory gating process are a hallmark feature of schizophrenia and certain other psychiatric disorders, the mechanisms underlying PPI are of significant interest. We previously used the invertebrate model system Tritonia diomedea to identify the first cellular mechanism for PPI-presynaptic inhibition of transmitter release from the afferent neurons (S-cells) mediating the startle response. Here, we report the involvement of a second, more powerful PPI mechanism in Tritonia: prepulse-elicited conduction block of action potentials traveling in the startle pathway caused by identified inhibitory interneurons activated by the prepulse. This example of axo-axonic conduction block-neurons in one pathway inhibiting the propagation of action potentials in another-represents a novel and potent mechanism of sensory gating in prepulse inhibition.
Introduction
When a startle stimulus is closely preceded by the onset of a weaker stimulus of almost any sensory modality, the normally robust startle response is diminished. This innate inhibitory phenomenon is known as prepulse inhibition (PPI). The universality of PPI across animal species, from humans and other vertebrates (Johansson et al., 1995; Winslow et al., 2002) to invertebrates (Mongeluzi et al., 1998) , suggests that the inhibitory sensory gating circuitry exposed by the PPI paradigm plays a fundamental role in sensory processing.
Many have speculated that an important function of PPI is to reduce distractibility, by preventing closely following stimuli from interfering with the processing of an initial input (Graham, 1992; Hoffman and Ison, 1992; Hamm et al., 2001) . Interest in PPI has increased markedly since it was found to be deficient in schizophrenia and certain other neurological and psychiatric disorders (Braff et al., 1992; Geyer et al., 2001; Hamm et al., 2001) . The PPI deficit of schizophrenia has been linked to the distractibility, thought disorder, and psychosis associated with this disease (Bakshi et al., 1994; Perry and Braff, 1994; Johansson et al., 1995; Karper et al., 1996; Kumari et al., 1999; Weike et al., 2000; Friedman, 2004; Barak, 2009) . Recent findings that the PPI deficit precedes the overt symptoms of schizophrenia are consistent with a possible role in their development (Quednow et al., 2008; Ziermans et al., 2011 Ziermans et al., , 2012 . Motivated by its clinical relevance, efforts are underway to identify the neuronal mechanisms mediating PPI (Koch et al., 1993; Swerdlow and Geyer, 1993; Fendt and Koch, 1999; Fendt et al., 2001; Geyer et al., 2001; Homma et al., 2002; Yeomans et al., 2006; Bosch and Schmid, 2008; Schofield and Motts, 2009) . While these studies have identified relevant brain areas and transmitter systems, specific cellular mechanisms for vertebrate PPI are yet to be elucidated.
Invertebrates, with their simpler nervous systems comprised of small numbers of large, individually identifiable neurons, provide a powerful tool for working out basic CNS mechanisms relevant across the animal kingdom (Sandeman, 1999; Selverston, 1999; Pittenger and Kandel, 2003; Bouret and Sara, 2005; Sattelle and Buckingham, 2006; Clarac and Pearlstein, 2007) . We previously demonstrated that PPI occurs in the marine mollusk Tritonia diomedea, using a tactile prepulse to inhibit the animal's escape startle response to an aversive skin shock stimulus (Mongeluzi et al., 1998) . A prepulse-activated interneuron, Pleural-9 (Pl-9), was found to be necessary and sufficient for prepulse skin stimuli to produce PPI of the swim motor program (SMP) underlying this behavioral response. Pl-9 accomplishes this, in part, by producing presynaptic inhibition of the synapses made by the startle pathway afferent neurons (S-cells) onto their target interneurons, reducing their ability to evoke the swim (Frost et al., 2003) . Here we describe a novel, and even more potent mechanism contributing to PPI-prepulse-elicited conduction block by Pl-9 of action potentials propagating in the startle pathway. Such axo-axonic conduction block, the inhibition of actively propagating action potentials in the axons of one pathway by axons of another pathway, is well suited to play a role in a variety of network gating functions.
Materials and Methods

Animals
Tritonia diomedea were obtained from Living Elements and maintained at 11°C in recirculating artificial seawater systems (Instant Ocean, Aquarium Systems). Animals were fed live sea pens (Ptilosarcus gurneyi), one of their natural prey.
Isolated brain preparation
The brain (fused cerebral-pleural ganglia and pedal ganglia, Fig. 1 ) was excised from the animal and pinned dorsal side up onto the Sylgard (Dow Corning) covered surface of a recording chamber perfused at 4°C with artificial seawater. The connective tissue sheath enclosing the fused left or right cerebral-pleural ganglia was surgically removed, and for certain experiments, the sheath enclosing the pedal ganglion was also removed, exposing the neurons for intracellular recording. Pedal Nerve 3 [PdN3; for nomenclature, see the study by Willows et al. (1973) ] ipsilateral to the desheathed half of the brain was drawn into a polyethylene suction electrode connected to a stimulator. Selected groups of cerebral ganglion nerves were drawn into another suction electrode connected to a second stimulator. The perfusion temperature was then raised to 11°C for the duration of each experiment.
Semi-intact preparation
Individual Tritonia were anesthetized with an injection of 45 ml of 350 mM MgCl 2 into the body cavity. Subsequently, a longitudinal incision was made along the ventral and dorsal body walls and all internal organs were removed, sparing the nervous system. This semi-intact preparation was then positioned dorsal side up in a chamber with the brain exposed and secured with minuten pins to the Sylgard surface of a 1 cm diameter post rising from the chamber floor. A thin cylindrical sleeve containing slits to allow passage of the nerves was then raised around the brain. Initially, the brain chamber was perfused at 4°C with artificial sea water. During this period the connective tissue sheath enclosing the pedal ganglia, or the fused cerebral-pleural ganglia, was surgically removed, exposing the neurons for intracellular recording. In experiments using skin shock prepulses, the ends of Teflon-coated silver wires were stripped of insulation, bent into a simple hook, and pushed with a hypodermic needle into the skin in the area that included the rhinophore, part of the oral veil, and the nearby lateral body wall. PdN3 was cut on the side ipsilateral to the desheathed half of the brain, and its proximal stump was drawn into a polyethylene suction electrode connected to a stimulator used to elicit startle pathway orthodromic S-cell action potentials. The brain and body chambers were then perfused at 11°C for the duration of each experiment.
Identification and selection of neurons
The Tritonia swim network has been described in previous studies, and consists of afferent neurons (S-cells), trigger-and gating-type command neurons, central pattern generator (CPG) neurons, and flexion neurons (Fig. 2 A) (Getting, 1983; Frost et al., 2001 Frost et al., , 2003 . Neurons were recorded intracellularly using 15-40 M⍀ electrodes filled with 3 M KAc or 3 M KCl.
S-cells. These CNS afferent neurons for the animal's escape swim startle response were identified based on their location, size, color, lack of activity at rest, and response to electrical stimulation (Getting, 1976; Megalou et al., 2009 ). The S-cells form a bilateral cluster of ϳ100 orangepigmented ϳ50 m diameter neurons per cluster (Fig. 1) . Each cluster extends diagonally on the dorsal side of the pleural ganglion, from the margin of the central commissure to the boundary near the entrance of pleural nerve 1 (PlN1). The majority of the S-cell cluster is located just beneath the TGN neurons (Getting, 1983) , which lie on the surface of the dorsal pleural ganglia. The S-cells are silent at rest, and display an occasional IPSP.
Pl-9. Inhibitory interneuron Pl-9 was identified as in our prior study (Frost et al., 2003) . Each of the estimated 1-2 Pl-9 neurons in each pleural ganglion receives direct monosynaptic EPSPs from the ipsilateral S-cells, and in turn produces monosynaptic IPSPs bilaterally onto all S-cells. To locate Pl-9, an intracellular electrode was first used to penetrate an S-cell. A second electrode was then used to blindly penetrate neurons one cell layer below the surface at the known location of Pl-9 until it was encountered, as indicated by the penetrated neuron's production of 1-for-1, short and constant latency IPSPs onto the S-cell with each action potential, and its receipt of 1-for-1 short and constant latency EPSPs from ipsilateral S-cells.
Other neurons. In many experiments, the cerebral cell 2 (C2) or dorsal swim interneuron (DSI) CPG interneurons or their target dorsal flexion neurons (DFNs) and ventral flexion neurons (VFNs) were penetrated with intracellular electrodes to provide a monitor of the occurrence of the SMP. These well described neurons (Hume et al., 1982; Getting, 1983) are located on the dorsal surface of the cerebral (C2, DSI) and pedal (DFN, VFN) ganglia.
Data analysis
For experiments testing for the effect of the prepulse stimulus on mean data measures, such as the number of cycles of the swim motor program or the number of action potentials in a train that propagated successfully to the S-cell soma, a one-way repeated-measures ANOVA was used to test for overall effect of treatment, followed by Bonferroni post hoc tests for individual pairwise comparisons (SigmaPlot, Systat Software). For experiments testing for the effect of different prepulse-startle intervals on whether or not a single startle-elicited action potential reached the soma, a Cochran Q test was used to test for overall effect of treatment, followed by Marascuilo and McSweeney post hoc tests to identify the intervals that produced significant conduction block (Statistica, StatSoft). For experiments testing for the ability of interneuron Pl-9 to produce conduction block of a single peripherally initiated action potential, a McNemar test for dichotomous nominal scale variables was used (SigmaPlot).
Results
The aim of the present study was to evaluate the possibility that prepulse stimuli may inhibit startle responses in part by blocking the propagation of startle pathway action potentials, specifically in the axons of the S-cell afferent neurons of Tritonia's startle pathway. The standard paradigm used throughout the study was to bracket PPI tests between startle-alone tests, to control for the possibility that any loss of responsiveness might be due to progressively accumulating habituation or accommodation, rather than PPI.
Prepulse nerve stimuli produce PPI of the swim motor program, and conduction block of S-cell action potential trains The study began with the development of an isolated brain preparation for studying PPI, where well controlled nerve stimuli could be used for both the prepulse and startle stimuli (Fig. 1) . Each experiment consisted of three stimulus trials, delivered ϳ2 min apart. On the first and third trials, a stimulus was delivered to PdN3 alone, a peripheral nerve that innervates the animal's tail. In every case this stimulus elicited an SMP, monitored via sharp electrodes inserted into identified swim network neurons (PdN3 stimuli consisted of 9 -10 pulses, 10 -30 Hz trains of 3-50 V, 2-5 ms pulses). On the second trial, the PdN3 stimulus began 250 -1000 ms after the onset of a prepulse stimulus train to cerebral ganglion nerves 1, 4, and 5, which innervate the animal's head (the prepulse stimulus consisted of a 0.5-2.5 s train of 20 -50 Hz, 7-20 V, 2-5 ms pulses). We found that in all nine preparations using this stimulus procedure, the prepulse stimulus completely blocked the SMP response to the startle stimulus (Fig. 2 B1a; first trial ϭ 3.2 Ϯ 0.3 cycles, PPI trial ϭ 0.0 Ϯ 0.0 cycles, third trial ϭ 3.0 Ϯ 0.2 cycles). A one-way between-subjects ANOVA indicated a significant overall effect of the presence of the prepulse for the three trials (F (2,8) ϭ 60.54, p Ͻ 0.001). Post hoc Bonferroni comparisons indicated that the mean number of SMP cycles elicited by the first PdN3-alone trial versus the PPI trial were significantly different from one another (t ϭ 9.85, p Ͻ 0.001), as they were for the PPI trial versus the second PdN3-alone trial (t ϭ 9.17, p Ͻ 0.001). The numbers of SMP cycles elicited on the two PdN3-alone stimulus trials were not significantly different from one another. The reliable occurrence of an SMP on the second PdN3-alone trial indicates that the SMP failure on the PPI trial can be attributed to the presence of the prepulse, rather than to any developing habituation of the SMP to the repeated PdN3 stimulus.
In four of the above experiments, S-cells were impaled with intracellular electrodes, to monitor spike propagation during PPI of the motor program. Each S-cell innervates the skin via axons in one or more peripheral nerves (Getting, 1976; Slawsky, 1979) . In all cases we chose S-cells that had axons in PdN3 but not cerebral neurons (CNs) 1, 4, or 5, as determined by the arrival of action potentials in the S-cell soma recording site in response to peripheral nerve stimulation. Once initiated, S-cell action potentials propagate orthodromically along their axons in PdN3 into the pedal ganglion, and then continue via a commissure into the pleural ganglion, where the S-cell somata and postsynaptic target neurons are located. The stimulus voltage was adjusted at the start of each experiment to be just strong enough to reliably elicit an orthodromic action potential that propagated successfully to the S-cell soma recording site. On PPI trials, a stimulus was applied to the cerebral nerves beginning at various intervals before Figure 2 . Prepulse stimuli block the swim motor program and the propagating S-cell action potentials that elicit it. A, Swim circuit, showing Pl-9 connections to S-cell axons, which produce conduction block of orthodromic action potentials in the startle pathway. Synapses with bars are excitatory, those with black circles are inhibitory. Synapses with combinations of bars and circles produce multiple component PSPs. B, PPI block of the SMP and simultaneously recorded S-cell action potential propagation. B1, A PdN3 stimulus (9 pulses, 10 Hz, arrow) elicited a 5 cycle SMP, monitored in CPG neuron C2 (a, Pre), and a train of S-cell action potentials that propagated successfully from their axons in PdN3 to the soma recording site in the pleural ganglion (b, Pre). Horizontal bars in all S-cell panels indicate periods of nerve stimulation. Two minutes later, a CN 1,4,5 stimulus (1.45 s, 50 Hz) beginning 0.34 s before the PdN3 stimulus blocked the SMP (a, PPI) and also prevented the arrival of all but two of the S-cell action potentials elicited by the PdN3 stimulus (b, PPI; longer line indicates period of CN stim, shorter line the period of PdN3 stim). Two minutes later, a PdN3-alone stimulus elicited a 4 cycle SMP (a, Post) and a train of orthodromic S-cell action potentials that all propagated successfully to the soma (b, Post). B2, In a second preparation, the SMP block (data not shown) was accompanied by total block of propagating S-cell action potentials. B3, In a third preparation, the SMP block (data not shown) was accompanied by failed active propagation (short spikes) of six of the 10 orthodromic S-cell action potentials elicited by the PdN3 stimulus train. Due to the pseudo-unipolar structure of Tritonia neurons, peripherally initiated S-cell action potentials do not pass through the soma on their way to the terminals. The soma recordings are thus indicative of propagation in the central processes.
the PdN3 stimulus, and its ability to block successful propagation of the PdN3-elicited S-cell action potential to the soma was evaluated. In all cases, PPI trials were bracketed by PdN3-alone trials to ensure that propagation failures were related to the presence of the prepulse stimulus and not to an inability of the PdN3 stimulus to trigger an action potential in the S-cell axon. In the four experiments with co-impaled S-cells, PdN3 stimulus-elicited action potentials propagated normally to the soma on all PdN3-alone trials. In contrast, when the SMP was blocked on the PPI trial, the S-cell action potentials elicited by the PdN3 stimulus either failed to arrive at the S-cell soma (N ϭ 2 preparations; Fig.  2 B1b,B2) or arrived 50% or more reduced in amplitude (N ϭ 2 preparations; Fig. 2 B3) . The amplitude reduction is consistent with the inbound action potential having been blocked close enough to the soma recording site that a remnant reached it via electrotonic conduction.
Conduction block of action potentials in the startle pathway would represent a novel and potent cellular mechanism for PPI. To investigate this further, we conducted a more extensive isolated brain experiment focused on this phenomenon, with no accompanying monitor of the SMP. As before, S-cells were selected that were specific to the startle pathway: they fired 1-for-1, constant latency action potentials on each pulse of the 10 pulse PdN3 stimulus train, and were also not activated by the prepulse stimulus. In this experiment, three identical 10-pulse PdN3 stimulus trains (20 Hz, 0.5 s, 3-7 V, 2 ms) were administered ϳ1 min apart. On the middle trial, the PdN3 stimulus train began 1 s after the onset of a prepulse stimulus train to cerebral nerves 1, 4, and 5 (20 Hz, 2.5 s, 15-22.5 V). Of 19 S-cells examined in 9 preparations, 13 underwent virtually complete conduction block, with only 1 of the 130 action potentials initiated in PdN3 propagating successfully to the soma. In these same neurons, 128 of the 130 action potentials reached the soma on each of the two PdN3 alone trials. Six S-cells were unaffected by the prepulse (all PdN3-elicited action potentials propagated successfully to the soma). A one-way between-subjects ANOVA indicated a significant overall effect of the presence of the prepulse stimulus on action potential propagation for the three trials (F (2,18) ϭ 38.77, p Ͻ 0.001). Post hoc Bonferroni comparisons indicated that the mean number of action potentials arriving at the soma for the first PdN3-alone trial versus the PPI trial were significantly different from one another (t ϭ 7.63, p Ͻ 0.001), as they were for the PPI trial versus the following PdN3-alone trial (t ϭ 7.63, p Ͻ 0.001). The mean number of action potentials arriving at the S-cell soma elicited on the two PdN3 alone stimulus trials were identical and thus not significantly different from one another.
Together, these experiments indicate that stimulation of the prepulse pathway can block action potential propagation in axons of the startle pathway. Because the affected S-cells were not activated by the prepulse stimulus, this gating mechanism must involve the action of inhibitory neurons, making this a form of axo-axonic conduction block, the inhibition of actively propagating action potentials in one pathway by axons in another.
The prepulse-elicited conduction block has the temporal features of behavioral PPI in Tritonia If conduction block mediates PPI, it should display its key phenomenological features-rapid onset and brief duration. To assess this, we next systematically tested the effectiveness of different stimulus onset intervals on conduction block of S-cell action potentials. In this isolated brain experiment, the prepulse stimulus was a 50 Hz, 20 pulse shock train applied to cerebral ganglion nerves C1-C5. The startle stimulus consisted of a single brief stimulus to PdN3, sufficient to reliably elicit a single S-cell action potential. For every S-cell, conduction block was tested over a defined set of prepulse-startle interstimulus intervals (ISIs), ranging from 30, 60, 120, 250, 500, 1000, 2000, to 4000 ms from prepulse onset to the PdN3 shock. Each prepulse-PdN3 stimulus pairing was preceded and followed by a PdN3-alone trial, to test whether the PdN3 stimulus remained capable, throughout the experiment, of initiating an action potential in the S-cell's axon that, in the absence of inhibition, propagated successfully to the soma.
In this experiment, the PdN3-alone stimulus always elicited a single action potential that propagated successfully through the pedal ganglion to the S-cell soma in the pleural ganglion. However, when the PdN3 stimulus was preceded by the onset of a cerebral nerve (C1-C5) prepulse train, significant conduction block of S-cell action potentials was observed (Fig. 3 A, B , 19 S-cells, 3 preparations, Cochran Q Test, p Ͻ 0.0001). Significant conduction block occurred at ISIs of 250 and 500 ms (MarascuiloMcSweeney post hoc tests, p Ͻ 0.01; Fig. 3C ). In three additional S-cells in two preparations the prepulse did not produce complete failure of the S-cell action potential, but instead reduced its amplitude and duration. In these cases the prepulse C1-C5 shocks produced an average reduction of 15.2% (8.2 mV) in the amplitude, and 28.1% (2.7 ms) in the duration (measured from the base of the spike) of the PdN3-elicited S-cell action potential. These reduced-height action potentials are presumed to represent instances of conduction failure occurring sufficiently close to the soma that a reduced portion of the spike reached the cell body via electronic conduction. These results demonstrate the ability of the prepulse pathway to produce conduction block of orthodromic action potentials traveling in S-cell axons, with a rapidity of onset and briefness of duration similar to that characterized in prior studies of behavioral PPI in Tritonia (Mongeluzi et al., 1998) .
Conduction block also occurs in response to skin prepulses
In our prior behavioral characterizations of PPI in Tritonia, we used tactile skin stimulation as the prepulse stimulus (Mongeluzi et al., 1998; Frost et al., 2003) . Therefore, we next used a semiintact animal preparation, which allowed us to test whether skin prepulse stimuli could block action potential propagation in S-cell axons (Fig. 4A) . Test action potentials were elicited as before by suction electrode stimulation of PdN3, and S-cells were selected that responded with a constant latency action potential to the nerve stimulus, indicating the presence of an axon in that nerve.
The cerebral nerves innervate the head region, including the rhinophore area (Willows et al., 1973) . In an initial experiment (4 S-cells in 2 preparations) we tested whether a manually applied forceps pinch to the skin around the rhinophores administered ϳ200 ms before a single PdN3 stimulus could produce conduction block of the orthodromic S-cell action potential. In all four S-cells tested, when the PdN3 stimulus was delivered alone, an action potential arrived at the S-cell soma, whereas when the PdN3 stimulus was preceded by the skin pinch the action potential failed to do so (Fig. 4 B) .
To more precisely determine the effective prepulse-startle interval, a second experiment used skin shock (50 Hz, 400 ms train of 1 ms pulses) rather than skin pinch as the prepulse, delivered via wires embedded in the skin in the area of the rhinophores. For every S-cell, conduction block was tested over the same defined set of ISIs used in the prior isolated brain experiment. As before, each prepulse-PdN3 pairing was preceded and followed by a PdN3-alone trial, to verify that the PdN3 stimulus remained capable of initiating an action potential in the S-cell's peripheral axon that could propagate successfully to the soma. We found that the action potentials elicited by the PdN3-alone trials always successfully reached the soma, whereas those paired with a skin prepulse significantly failed to do so ( Fig. 4C,D; 16 cells, 6 preparations; Cochran Q test, p Ͻ 0.0001). This inhibitory effect of the skin prepulse on action potential propagation depended on the prepulse-PdN3 shock ISI. Significant conduction block occurred at the 250 and 500 ms ISIs (Fig. 4 E; post hoc Marascuilo-McSweeney tests). S-cell action potentials were not significantly blocked at prepulse-startle intervals shorter than 250 ms or Ͼ500 ms. These results are consistent with those using cerebral nerve stimulation as the prepulse (Fig. 3) . In summary, the results so far are consistent with the hypothesis that PPI of the escape swim in Tritonia is mediated in part by prepulse-elicited conduction block of orthodromic action potentials traveling in S-cell axons of the startle pathway, reducing the ability of the S-cell population to activate the interneurons of the escape swim network.
Evidence that interneuron Pl-9 mediates PPI of S-cell conduction block
In a prior study we identified an interneuron, Pl-9 (Fig. 2 A) , that was both necessary and sufficient for skin shock prepulses to produce PPI of the Tritonia escape swim motor program (Frost et al., 2003) . Pl-9 is activated by skin prepulse stimuli and produces fast, chloride-mediated monosynaptic IPSPs onto the afferent neurons (S-cells) of the startle pathway. This hyperpolarizing inhibition reduces transmitter release from the S-cell terminals, causing S-cell action potentials to less effectively excite their postsynaptic neurons in the startle circuit (Frost et al., 2003) . Our observation that this inhibition was strong enough to produce a 50% decrease in S-cell input resistance measured at the soma (Frost et al., 2003) suggested that it might be strong enough to cause S-cell action potentials to fail while propagating the startle stimulus. Fills of Pl-9 with 5,6 carboxyfluorescein show that it sends a bilateral process through the pleural and pedal ganglia to where PdN3 enters the pedal ganglion (Fig. 5A) . The fact that Pl-9 travels the same pleural ganglion-to-PdN3 route taken by the axons of the S-cells used in this study encouraged us to test whether it could produce conduction block of their propagating action potentials.
If Pl-9 mediates PPI of the SMP and S-cell action potential propagation, it should be excited by the cerebral nerve stimuli used to produce these effects (Fig. 3) . In the two preparations in which Pl-9 was recorded during CN stimulation, this was the case, with Pl-9 responding with peak firing rates of 43 and 59 Hz, and a total of 31 and 60 spikes, respectively (Fig. 5B) . This observation, together with prior results documenting Pl-9 responsiveness to tactile skin stimuli (Frost et al., 2003) , indicates that Pl-9 is strongly activated by the prepulse stimuli used in the present study.
We then tested whether direct, intracellular stimulation of Pl-9 could produce conduction block of incoming S-cell action potentials. PdN3-alone stimuli were alternated with trials on which the PdN3 stimulus came shortly after the onset of a Pl-9 train. As before, this alternating procedure was used to ensure that any failure of the S-cell action potential to reach the soma was due to the presence of the prepulse stimulus, rather than a failure of the PdN3 stimulus itself to initiate an S-cell action potential.
We found S-cell action potentials elicited by a PdN3-alone stimulus always propagated successfully to the S-cell soma. On the other hand, a co-penetrated Pl-9 neuron driven with a train of discrete intracellular current pulses at 20 -50 Hz that began before the PdN3 stimulus was found to completely prevent the arrival of the S-cell action potential in the soma in all 17 preparations in which it was tested ( Fig. 5C ; McNemar test for dichotomous nominal scale data, p Ͻ 0.001, 20 Hz: 6 cells, 40 Hz: 10 cells, 50 Hz: 1 cell). Such conduction block also reliably occurred when Pl-9 trains were driven with single depolarizing pulses (mean initial firing frequency ϭ 38 Hz, final frequency ϭ 21 Hz) that began before the PdN3 stimulus (McNemar test, p Ͻ 0.05, 6 cells, 4 preparations).
In the above cases, the conduction block was far enough from the S-cell soma that the incoming action potential completely failed to reach the recording electrode posted there. However, in some Pl-9 stimulation trials (as with cerebral nerve prepulse stimulation, Fig. 2 B3) a highly attenuated S-cell action potential was occasionally recorded (Fig. 5D) . Such attenuated S-cell spikes occurred when Pl-9 was driven with either discrete trains of 2 ms intracellular current pulses (20 Hz: 2 cells, 40 Hz: 3 cells, 50 Hz: 1 cell; average attenuation: 54.0 Ϯ 17.8%, 6 preparations) or with a single intracellular pulse of several seconds duration (mean initial Figure 3 . Nerve shock prepulses produce a brief period of conduction block, appropriate for PPI. For each recorded S-cell in these isolated brain preparations, the interval between the prepulse (50 Hz train of 20 pulses applied to nerves C1-C5) and startle (single pulse applied to PdN3) stimuli was systematically varied over a fixed range of values. A, Example from one experiment. Black arrows, PdN3-alone trials, which always elicited a single S-cell action potential that propagated successfully to the soma recording site. Red arrows, PPI trials, where the PdN3 stimulus, delivered at the arrow, was preceded by a prepulse stimulus, marked by the black dot near the arrowhead. The dotted box encloses the PPI trials on which S-cell action potential conduction block occurred. B, Expanded view of the conduction block at the 250 ms interstimulus interval. Black bar, Duration of prepulse nerve stimulus train. Red arrow, Time of the PdN3 stimulus. C, Group data from 19 S-cells from three preparations, showing that significant conduction block occurred with prepulse-PdN3 stimulus onset intervals of 250 and 500 ms, similar to behavioral PPI. All 19 S-cells received the complete stimulus sequence shown in A; all 19 underwent conduction block at the 250 ms interval.
firing frequency: 38 Hz, final frequency: 26 Hz, average attenuation: 34.0 Ϯ 13.6%; 4 cells, 4 preparations). As before, such shortened S-cell spikes are interpreted to result from active propagation failure that occurred close enough to the soma that a portion of the spike reached it via electrotonic conduction.
These results demonstrate that the prepulse-activated interneuron Pl-9 can block actively propagating action potentials in the startle pathway S-cell axons. In a final experiment we used photoinactivation to test whether Pl-9 might not just be sufficient, but also necessary for CN-mediated PPI of S-cell spike propagation. In this isolated brain experiment, an S-cell was first impaled that had an axon in PdN3, and whose spike propagation was blocked by an immediately preceding stimulus to CN 1, 4, 5 (Fig. 5E1 ). An intracellular electrode containing 5,6 carboxyfluorescein was then used to locate an ipsilateral Pl-9 neuron (there are one or two in each pleural ganglion, located below the surface). The S-cell electrode was then removed and dye was injected into Pl-9 via iontophoresis. Once Pl-9 was sufficiently filled that its extended axonal processes could be seen with the Leica MZ FLIII fluorescence stereomicroscope used for these experiments, the light was left on for 20 min to 2 h to kill the neuron. The same S-cell was then repenetrated and the PPI test was repeated. We found that in three preparations in which we successfully found and killed Pl-9, the ability of a closely preceding CN stimulus to produce conduction block of S-cell action potentials was eliminated (Fig. 5E2) . Loss of one Pl-9 reduced but did not eliminate the number of CN-elicited IPSPs recorded in the S-cell, consistent with there being additional Pl-9 s contributing to this input, as can be seen in Figure 5B . Together, these findings support the conclusion that Pl-9 mediates the conduction block effect of CN stimuli on S-cell action potential propagation.
Discussion
This study demonstrates a novel cellular mechanism for PPI: prepulse-elicited conduction block of action potentials propagating in axons of the startle pathway. Blocking arrival of the startle stimulus is clearly a potent mechanism for reducing behavioral responsiveness to it. We further identified a prepulse-activated inhibitory interneuron, Pl-9, and showed it to be both necessary and sufficient for prepulse stimuli to produce this conduction block effect. Pl-9 has previously been shown to be both necessary and sufficient to mediate PPI of the Tritonia SMP, in part by producing presynaptic inhibition of S-cell transmitter release (Frost et al., 2003) . Directly driven Pl-9 spike trains produce an increased-conductance hyperpolarizing chloride IPSP in the S-cells sufficient to reduce their input resistance by 50% (Frost et al., 2003) . Both the hyperpolarization and the conductance increase are appropriate mechanisms for hindering action potential propagation in S-cell axons. Shunting inhibition is a well known contributor to presynaptic inhibition at synaptic release sites (Clarac and Cattaert, 1996; Cattaert and El Manira, 1999; MacDermott et al., 1999; Rudomin and Schmidt, 1999) and has been suggested to play a role in conduction block of axons as well (Wall, 1995; Evans et al., 2003; Verdier et al., 2003) .
A characteristic feature of behavioral PPI is its brevity: 60 -1000 ms in vertebrates (Johansson et al., 1995; Kumari et al., 1999 Kumari et al., , 2000 Geyer et al., 2001; Winslow et al., 2002) and 120 -2500 ms in Tritonia (Mongeluzi et al., 1998) . The conduction block characterized here had an appropriately brief duration to mediate PPI, with significant block produced at stimulus intervals of 250 -1000 ms, depending on the paradigm used.
Axons are traditionally envisioned as highly reliable transmission lines for action potentials (Mackenzie et al., 1996) . However, this is not always the case. For example, there are many published examples of intrinsic axonal conduction block, where action potential conduction fails without the involvement of other neurons. Such conduction failure can result from prolonged highfrequency stimulation (Applegate and Burke, 1989; Miller et al., 1995; Kiernan et al., 1996; Debanne, 2004) , or during passage of Figure 4 . Skin shock prepulses produce a similarly brief period of conduction block. A, In these semi-intact animal preparations, the brain was pinned out on a Sylgard-covered platform, rendering the S-cells accessible for intracellular recording. B, Delivery of a manual rhinophore pinch ϳ200 ms before a PdN3 stimulus produced conduction block of the orthodromic PdN3-elicited S-cell action potential. B1, When a PdN3 stimulus was delivered alone, the S-cell action potential propagated successfully to the soma recording site. B2, When preceded by a skin pinch prepulse, the action potential failed to arrive at the soma recording site. C, Use of skin shock prepulses to define the effective period of conduction block. Black arrows, PdN3-alone trials, which always elicited a single S-cell action potential that propagated successfully to the soma recording site. Red arrows, PPI trials, where the PdN3 stimulus, delivered at the arrow, was preceded by the skin shock prepulse stimulus (50 Hz train of 20 pulses), marked by the black dot near the arrowhead. The dotted box encloses the PPI trials on which S-cell action potential conduction block occurred. D, Expanded view of the conduction block at the 250 ms interstimulus interval. E, Group data from 16 S-cells from 6 preparations, showing that significant conduction block occurred with skin-shock prepulse-PdN3 stimulation intervals of 250 and 500 ms. All 16 S-cells received the complete stimulus sequence shown in C.
the action potential from smaller to larger diameter regions of the axon, e.g., at branch points (Macagno et al., 1987; Baccus et al., 2000; Debanne, 2004) . Conduction failure also occurs in pathological conditions, such as multifocal neuropathy (Franssen and van den Bergh, 2006; Nodera et al., 2006) , Guillain-Barre syndrome (Kuwabara et al., 2002) , and multiple sclerosis (Smith and McDonald, 1999) . In contrast, modulatory transmitters can enhance action potential propagation (Ballo et al., 2012) .
The type of conduction failure documented here, block of action potentials in axons of one neuron by activity in another, is less widely appreciated. While never before associated with PPI, evidence has been accumulating for some time (Barron and Matthews, 1935 ) that action potential propagation may be under the control of inhibitory interneurons. Wall and colleagues provided indirect evidence that GABAergic interneurons can block propagation in the axons of myelinated sensory afferents in the mammalian spinal cord (Wall, 1994; Wall and McMahon, 1994) , and termed this "pre-presynaptic inhibition" to clarify that they were studying inhibition in the conducting portion of axons, not in their terminal synaptic regions. Wall thus explicitly distinguished two separate locations of this presynaptic mechanism-axons and axon terminals (Wall, 1998) . More recent studies have demonstrated GABAergic block of action potential propagation in the long, electrically active lateral dendrites of mammalian olfactory bulb mitral cells (Xiong and Chen, 2002) , the axons of mammalian jaw muscle spindle afferents (Verdier et al., 2003) , and axons of spider mechanoreceptors (Gingl et al., 2004) . However, none of these studies identified specific inhibitory neurons producing the conduction block.
In invertebrates, axo-axonic conduction block has previously been demonstrated in Aplysia californica. In one study, stimulating pedal nerve 8 just before pedal nerve 9 was found to block conduction of orthodromic action potentials in sensory neurons with axons in pedal nerve 9 (Clatworthy and Walters, 1993) . In others, interneurons have been identified that block action potential conduction in the lateral processes of buccal sensory neurons (Evans et al., 2003 (Evans et al., , 2005 . However, to our knowledge, in no preceding study has a behavioral role for Figure 5 . Pl-9 mediates prepulse-elicited conduction block of S-cell action potentials. A, Carboxyfluorescein fill of Pl-9. Pl-9 sends a bilateral axonal process across the pleural and pedal ganglia to the entry points of PdN3 on each side of the brain. The S-cells used in this study send a process along this same route into PdN3, providing extended opportunities for inhibitory synapses from Pl-9 onto S-cell axons. B, Pl-9 is strongly activated by prepulse stimulation of cerebral ganglion nerves 1,4,5 (50 Hz, 2 s). A simultaneously recorded S-cell shows one-for-one IPSPs with the Pl-9 action potentials (red dotted lines). The S-cell receives additional IPSPs, consistent with input from one or more additional Pl-9 neurons. C, A single Pl-9 neuron is sufficient to produce conduction block of S-cell action potentials. Left arrow, A PdN3-alone stimulus elicited an S-cell action potential that reached the soma intracellular recording site. Middle arrow, When the PdN3 stimulus was delivered during a Pl-9 train driven by discrete intracellular current pulses (20 Hz, 4 s) the S-cell action potential failed to arrive at the soma. Right arrow, A PdN3-alone stimulus again elicited an action potential that propagated to the soma. D, In some trials, Pl-9 stimulation (20 Hz, 4 s) blocked active propagation sufficiently close to the soma that an electrotonically conducted remnant of the action potential reached the S-cell electrode. E, Pl-9 is necessary for cerebral nerve stimuli to produce prepulse-elicited conduction block of S-cell spike propagation. E1, Before cell-kill of a single Pl-9, a 50 Hz 5 V 20 pulse stimulus train applied to CN 1,4,5 (bar) beginning 0.4 s before a single 2 V stimulus to PdN3 (arrow) produced block of the S-cell action potential elicited by the PdN3 stimulus. E2, After a Pl-9 neuron was located, iontophoretically filled with carboxyfluorescein, and then killed by exposure to several minutes of 488 nm light, the same cerebral nerve stimulus no longer produced conduction block of the PdN3-elicited S-cell action potential. Killing one Pl-9 can be seen to reduce the CN-elicited inhibitory input to the S-cell.
axo-axonic block of actively propagating action potentials been demonstrated.
Summarizing results from our prior (Frost et al., 2003) and present studies, PPI in Tritonia is mediated by a combined set of mechanisms: (1) presynaptic inhibition by Pl-9 of transmitter release from S-cell synapses onto several circuit interneurons, (2) postsynaptic inhibition of several circuit interneurons by neurons Pl-9 and Pl-10, and (3) conduction block of S-cell action potential propagation by Pl-9, which given its all-or-nothing nature, may be the most potent mechanism of those so far described. These different mechanisms are nicely complimentary in function. First, the prepulse-elicited conduction block will completely prevent many inbound action potentials in the sensory axons of the startle pathway from reaching their release sites. For those that propagate successfully through the inhibited region of the axon, their impact will be reduced by the additional mechanisms of presynaptic inhibition of transmitter release from the S-cell terminals, and postsynaptic inhibition of S-cell target interneurons (Frost et al., 2003) .
Prepulse inhibition has attracted significant interest because PPI deficits appear to be a core feature of schizophrenia, where reduced sensory gating has been linked to several cognitive disorders of the disease, including psychosis ). Our prior (Frost et al., 2003) and present findings in Tritonia constitute the first specific cellular mechanisms for PPI, and raise the question of whether defects in these mechanisms might be present in schizophrenia. If so, therapies targeted to these specific neuronal defects could be sought, with the goal of developing improved treatment. While in the present study we investigated axo-axonic conduction block in the context of a PPI stimulus paradigm, this potent gating mechanism presumably plays additional roles in Tritonia and other organisms.
